pigenetic mechanisms refer to the complex and interrelated molecular processes that dynamically modulate gene expression and function within every cell in the body. These regulatory systems represent the long-sought-after molecular interfaces that mediate geneϫenvironment interactions. Changes in the epigenome throughout life are responsible not only for controlling normal development, adult homeostasis, and aging but also for mediating responses to injury. Emerging evidence implicates a spectrum of epigenetic processes in the pathophysiology of stroke. In this review, we describe conventional epigenetic mechanisms (including DNA methylation, histone code modifications, nucleosome remodeling, and higher-order chromatin formation) and highlight the emerging roles each of these processes play in the pathobiology of stroke. We suggest that understanding these mechanisms may be important for discovering more sensitive and specific biomarkers for risk, onset, and progression of stroke. In addition, we highlight epigenetic approaches for stroke therapy, including the inhibition of DNA methyltransferase and histone deacetylase enzyme activities. These therapeutic approaches are still in their infancy, but preliminary results suggest that contemporary agents targeting these pathways can regulate the deployment of stress responses that modulate neural cell viability and promote brain repair and functional reorganization. Indeed, these agents even appear to orchestrate sophisticated cognitive functions, including learning and memory.
Dynamic interactions between a diverse array of environmental, vascular, systemic, and central nervous system (CNS) factors underlie the pathogenesis of stroke and are responsible for mediating functional recovery. However, current strategies for prevention and treatment of stroke focus primarily on the modification of environmental risks, the acute and chronic management of vascular and hematological factors, and physical rehabilitation. These important interventions are effective, continuously being refined, and, particularly in the case of endovascular treatments, increasingly being adopted in practice. Nevertheless, stroke remains one of the leading causes of serious, long-term disability and death in the United States. 1 Emerging therapeutic strategies have, therefore, focused on the development of neuroprotective and neural regenerative approaches to modifying the extent of CNS injury and restoring neurological function by preventing neuronal and glial injury and cell death, preserving the structural and functional integrity of neural networks, as well as enhancing tissue remodeling and repair. Although a spectrum of neuroprotective and neural regenerative treatments have appeared promising in preclinical studies, the clinical trials evaluating them have largely been equivocal or unsuccessful, which suggests that novel approaches are required for developing therapeutic strategies with greater efficacy. 2 In the postgenomic era, the field of epigenetics is now poised to revolutionize modern medicine. Epigenetics is the study of molecular and cellular processes respon-sible for specifically modulating single gene expression and functional gene networks and also encompasses the long-sought-after molecular interface that mediates geneϫenvironment interactions. 3 Although the genome in each cell within the body is identical, cell-and tissuespecific profiles of gene transcription, posttranscriptional RNA processing (eg, RNA modifications, quality control, and transport), and translation are selectively regulated by multiple layers of interlaced epigenetic mechanisms that include DNA methylation; histone code modifications, nucleosome remodeling, and higher-order chromatin formation; noncoding RNA; and RNA editing. Dynamic changes occur in the epigenome throughout life. These changes control normal development, adult homeostasis, and aging and mediate responses to environmental stimuli (including diet, physical and chemical exposures, and behavioral and social factors). 3 Recent studies have started to elucidate the key roles played by epigenetic mechanisms in the susceptibility to and the pathogenesis of complex diseases such as cancer and have demonstrated that identifying epigenetic biomarkers is important for risk stratification and molecular diagnosis. 3 In addition, preliminary studies utilizing agents that target epigenetic pathways have suggested that these agents may be useful for treating a wide range of diseases, and a number of drugs already approved by the US Food and Drug Administration have direct or indirect effects on epigenetic mechanisms. 4, 5 Furthermore, a number of epigenetic agents are currently being evaluated in preclinical and clinical trials for CNS disorders. 3 In the CNS, epigenetic mechanisms serve as key regulators of development, homeostasis, and plasticity, all of which are highly sensitive to local and more global environmental, vascular, systemic, and intrinsic CNS factors. 3 Not surprisingly, epigenetic processes are involved in the molecular and cellular mechanisms underlying stroke pathogenesis and recovery, including the deployment of stress responses that modulate cell viability and promote tissue repair and functional reorganization. In this review, we highlight emerging evidence elucidating the role of epigenetic factors in stroke and suggest that understanding these processes may be critical for enhancing assessment of patient risk, early diagnosis, and characterization of clinically relevant molecular mechanisms associated with various stroke subtypes. Moreover, because epigenetic mechanisms are critical for brain patterning, neural stem cell maintenance, neurogenesis and gliogenesis, and synaptic and neural network plasticity and because they are also implicated in sophisticated cognitive functions (including learning and memory), we further suggest that systemic or even more local delivery of epigenetic therapeutic agents may permit the targeted activation of neural stem cells and other cell types present within the brain and promote the development of more effective neuroprotective and neural regenerative treatments for safeguarding and even restoring CNS function. This is the first of a 3-part series describing the emerging role of epigenetics in stroke: part 1 covers DNA methylation and chromatin modifications; part 2 covers RNA regulatory circuitry; and part 3 covers neural stem cell biology and regenerative medicine.
EPIGENETIC MECHANISMS IMPLICATED IN STROKE

DNA Methylation
DNA methylation, the most well-characterized epigenetic mechanism, plays a critical role in the regulation of global and specific gene expression profiles and in the promotion of important cellular processes, such as the maintenance of genomic stability, X chromosome inactivation, and genomic imprinting ( Table 1) . 6 Abnormal DNA methylation profiles have been associated with a broad spectrum of disorders, including stroke, atherosclerosis, obesity, insulin resistance, kidney disease, cancer, and autoimmunity. 6, 7 Mechanistically, DNA methylation inhibits the process of transcription and promotes binding of methyl-CpG-binding domain proteins, which recruit regulatory complexes containing epigenetic factors to methylated genomic loci in order to coordinately orchestrate reversible as well as long-term genesilencing events. DNA methyltransferases (DNMTs) mediate DNA methylation by transferring methyl groups from S-adenosylmethionine to cytosine residues in various genomic regions. Members of this enzymatic family include DNMT3a and DNMT3b, which stimulate de novo methylation, and DNMT1, which actively maintains methylation. The expression levels and functions of these factors in neural cells are exquisitely regulated in an activitydependent manner throughout development and adult life and are responsible for modulating neural subtype specification, maturation, and survival. 8 The role of DNA methylation in cerebral ischemia is multifaceted, with genome-wide and gene-specific effects that influence the vulnerability of the CNS to injury. Following middle cerebral artery occlusion (MCAO) in mice, DNA methylation levels are increased in ischemic brain tissue and may be responsible for promoting cell death. 9, 10 In fact, treatment with an inhibitor of DNA methylation reduces the extent of ischemic injury following MCAO. Furthermore, transgenic mice with reduced levels of neuronal DNMT1 exhibit significantly smaller infarcts following MCAO, compared with control animals. In contrast, mice without neuronal DNMT1 are not protected from cerebral ischemia. These observations suggest that the dynamic modulation of DNMT expression and the status of DNA methylation represent important mechanisms for preventing cell death in cerebral ischemia.
Another factor important for DNA methylation is methylenetetrahydrofolate reductase (MTHFR), which is involved in folate metabolism and in the formation of cellular reservoirs of the methyl group donor, S-adenosylmethionine. Intriguingly, MTHFR deficiency causes hyperhomocysteinemia and results in an increased risk of stroke and cardiovascular disease. 11, 12 Specific MTHFR gene polymorphisms (eg, C677T) are similarly associated with hyperhomocysteinemia and an increased risk of stroke, cardiovascular disease, neural developmental disorders, and a variety of other disease entities. The mechanisms that underlie this increased risk of stroke have not been clearly delineated, but differential MTHFR activity is associated with variations in global (REPRINTED) ARCH NEUROL / VOL 67 (NO. 11), NOV 2010 WWW.ARCHNEUROL.COMDNA methylation levels, which suggests that the risk may, in part, be linked to the effects of DNA methylation status on the vulnerability of the brain to ischemic injury. Furthermore, other inherited causes of stroke are associated with cellular processes such as X chromosome inactivation and genomic imprinting that are mediated by DNA methylation. For example, Fabry disease is an X-linked disorder caused by deficiency of the lysosomal enzyme ␣ galactosidase A, which results in glycosphingolipid accumulation in the vascular endothelium and can lead to stroke. Male hemizygotes are generally affected, but in female heterozygotes, the extent of X chromosome inactivation is the major factor that determines the severity of clinical involvement. 13, 14 Disorders of imprinted genomic loci may also be linked with stroke. For example, Prader-Willi syndrome, the archetypal disorder characterized by genomic imprinting, is associated with the moyamoya phenomenon. 15 In addition, the highly complex imprinted GNAS genomic locus is important for the mediation of critical processes, including glucose and lipid metabolism and platelet function. 16, 17 Genetic variation at the GNAS locus is associated with a variety of disorders, including platelet dysfunction leading to coagulopathy and bleeding diathesis. 18, 19 Finally, studies of ischemic stroke heritability demonstrate that women with stroke are more likely than men with stroke to have a family history of stroke from their mothers than from their fathers that is independent of traditional vascular risk factors. This observation may, in part, be due to the effects of genomic imprinting. 20 DNA methylation-mediated regulation of specific genes also plays a role in the pathophysiology of stroke. For example, DNA methylation influences expression of the pleiotropic factor thrombospondin 1 (THBS1), which exhibits complex temporal and cellular expression profiles in response to cerebral ischemia and intracerebral hemorrhage. 21, 22 Specifically, in murine cerebral endothelial cells, in vitro oxygen glucose deprivation is associated with an increase in THBS1 promoter methylation and a concurrent decrease in THBS1 expression. Conversely, reoxygenation after oxygen glucose deprivation is associated with a decrease in THBS1 promoter methylation and a concurrent increase in THBS1 expression. These findings imply that DNA methylation plays a role in the dynamic regulation of THBS1 in response to cerebral ischemia, which results in activation of signaling pathways that promote inflammation and cell death, suppression of angiogenesis, as well as enhancement of synaptic plasticity and functional recovery. 23 Furthermore, differential DNA methylation profiles mediate sex differences in the endogenous neuroprotective response to MCAO. Dramatic upregulation of the estrogen receptor ␣ (ER␣) is an endogenous response to MCAO that attenuates ischemic cell death in young female rats. 24 Although ER␣ is primarily expressed during neonatal development, MCAO induces selective demethylation of the 25 Intriguingly, the neuroprotective effect of the ER␣ ligand, estrogen, is attenuated in aged animals, which may be the result of age-dependent changes in DNA methylation. 26 We have selectively highlighted the contributions made by DNA methylation to stroke pathobiology. However, DNA methylation is increasingly being implicated in the modulation of homeostasis, cell cycle dynamics, cell viability, and stress responses impacting vascular, systemic, and intrinsic CNS factors that are also related to stroke but are beyond the scope of this review.
Histone Code Modifications, Nucleosome Remodeling, and Higher-Order Chromatin Formation
Chromatin is not simply a passive structure that packages DNA within the cell nucleus; rather, it mediates nuclear processes through local and more global structural and functional dynamics. Homeostatic and stress pathways that modulate cell viability are associated with active regulation of chromatin. Moreover, abnormal chromatin is a key feature of necrotic cell death and apoptotic cell death, which are both associated with neural injury in stroke. Although the different roles played by chromatin regulation in the pathophysiology of cerebral ischemia are not well characterized, emerging evidence suggests that these functions are extremely important and, furthermore, that chromatin-modifying agents may be neuroprotective.
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A complex series of highly integrated epigenetic mechanisms mediate the architecture of chromatin and play a vital role in executing genomic programs such as transcriptional activation and gene silencing. 3, [28] [29] [30] Histone code modifications are responsible for modulating chromatin structure and function at single nucleotides, nucleosome remodeling is responsible for modulating chromatin structure and function at specific gene loci, and higher-order chromatin formation is responsible for modulating chromatin structure and function at more extensive genomic regions. [28] [29] [30] The histone code refers to profiles of posttranslational modifications of histone proteins (eg, acetylation, methylation, phosphorylation, ubiquitylation, SUMOylation, and adenosine diphosphateribosylation) that are catalyzed by specific enzymes (eg, histone acetyltransferases and histone deacetylases [HDACs]). 28 Individual histone modifications have particular effects, such as the ability to activate or repress transcription, and the code formed by combinations of histone modifications defines the chromatin architecture and establishes the functional microdomains in the nucleus. 28 Nucleosomes are the basic units of chromatin and are composed of DNA wrapped around a core of classic histones (eg, H2A, H2B, H3, and H4), linker histones (eg, H1), and variant histones (eg, H2A.Z). Nucleosome remodeling enzymes modify the conformation of DNA and these histone proteins, which promotes the local repositioning of nucleosomes that selectively alters accessibility of genomic regulatory regions to transcription factors and other proteins, and which may also lead to more widespread chromatin remodeling. 30 Chromatin also forms higher-order structures, including loosely packaged euchromatin that is open and functionally active as well as more densely packaged and inactive heterochromatin that maintains genomic integrity. 29 Histone-, nucleosome-, and chromatin-modifying enzymes are often components of large multifunctional epigenetic macromolecular complexes that integrate intracellular and intercellular cues from diverse signaling pathways and that have dynamic and wide-ranging regulatory effects on genomic structure and function. 29 These epigenetic mechanisms are relevant for understanding the molecular pathophysiology of stroke. In fact, chromatin states and chromatin-modifying enzyme complexes modulate cholesterol synthesis, transport, and metabolic pathways, thus implicating epigenetic mechanisms in the development of atherosclerosis and in the determination of stroke risk. [31] [32] [33] Also, sirtuins (SIRTs) are a family of HDAC enzymes that are implicated in mediating a range of functions (including cellular stress resistance, genomic stability, and energy metabolism) important in stroke. 34 Indeed, the protective agent found in red wine (ie, resveratrol) activates SIRT1 and mimics the neuroprotective effects of "subthreshold" ischemic preconditioning in the brain. 35 Furthermore, an abnormality of a chromatinremodeling enzyme is directly linked to increased risk of stroke. Schimke immunoosseous dysplasia is an autosomal recessive multisystem disease caused by mutation of a gene that encodes the nucleosome remodeling enzyme SMARCAL1 (SWI/SNF-related, matrix-associated, actindependent regulator of chromatin, subfamily A-like 1). 36 Neurovascular manifestations, including stroke and moyamoya phenomenon, commonly occur in this disease. Moreover, nucleosomes are released from cells that are stressed and dying, and their levels in the peripheral circulation may be elevated in various pathological conditions (including stroke). 37, 38 Although it is a controversial question whether nucleosomes are markers of nonspecific cell death or more specific pathogenic mechanisms, the serum levels of nucleosomes measured after moderate to severe strokes correlate with infarct volume and also provide independent prognostic information. 37, 38 In addition, global DNA hypomethylation and antichromatin and antihistone antibodies are commonly found in systemic lupus erythematosus, which is associated with an increased risk of stroke as a result of multiple factors, including but not limited to the presence of antiphospholipid antibodies. 39 Dynamic modulation of chromatin states is increasingly recognized as being associated with the molecular mechanisms (including excitotoxicity, oxidative stress, inflammation, cell cycle regulation, DNA repair, and apoptosis) that mediate neural cell death and protective responses in stroke. In fact, brain tissue subjected to MCAO exhibits significant changes in histone acetylation levels. 40 Furthermore, the heat shock response provoked by cerebral ischemia is mediated by factors such as Hsp70 (70-kDa heat shock protein), and histone acetylation in the Hsp70 promoter region is associated with transcriptional activation and subsequent initiation of pathways preventing neural cell death. 41, 42 Intriguingly, several preclinical studies have shown that the administration of various HDAC inhibitors in animal models of cerebral ischemia decreases the extent of neuronal injury and improves functional outcomes, partly as a result of the effects that these HDAC inhibitors have on Hsp70 (REPRINTED) ARCH NEUROL / VOL 67 (NO. 11), NOV 2010promoter acetylation. 40 Moreover, histone acetylation also plays a role in the protection of neurons against oxidative stress by indirectly promoting the function of neuroprotective antioxidant enzymes (ie, peroxiredoxins). 43 These and other studies using HDAC inhibitors for stroke have recently been reviewed, and the cumulative evidence suggests that these agents are generally promising for promoting neuroprotection. 27 In contrast, inhibiting HDAC1 enzyme activity can lead to DNA damage, cell-cycle deregulation, and neuronal death, whereas promoting HDAC1 enzyme activity has been shown to protect against DNA damage and neurotoxicity in cultured neurons and in vivo models of cerebral ischemia. 44 These observations highlight the complexity of chromatin structure and function and suggest that a detailed understanding of these epigenetic mechanisms, including the factors that permit gene-selective effects, is necessary for developing targeted epigenetic agents to prevent stroke and to treat stroke patients (Figure) .
THE ERA OF EPIGENOMIC MEDICINE: I
Contemporary Therapeutic Approaches
Drugs that target DNA methylation and histone modification pathways are already approved by the US Food and Drug Administration for the treatment of cancer and appear to be promising for other disorders (including hematological, immunological, and neuropsychiatric diseases).
Pharmacological agents that affect these epigenetic mechanisms can reprogram cells and tissues with aberrant gene expression and function associated with various disease states. 4 For example, these therapies act partly by correcting pathological changes in the balance between tumor suppressor genes and oncogenes in cancer and by reactivating the expression of an embryonic gene to compensate for a mutated adult gene in sickle cell disease.
Epigenetic agents are actively being evaluated in preclinical studies targeting stroke syndromes; however, these therapeutic approaches are still in their infancy ( Table 2) . Among the most well-characterized epigenetic drugs are 5-azacytidine, 5-aza-2-deoxycytidine (or decitabine), and zebularine, which act as analogs of the nucleoside cytosine and nonspecifically inhibit the function of DNMT enzymes. Studies of cellular therapies for stroke have used a series of factors (including 5-azacytidine) to induce adipose stromal cells to differentiate into neuron-like cells and have transplanted these epigenetically engineered cells into animal models of stroke. Some of these exogenous cells survive, and neurological outcomes are improved; however, infarct volumes are not significantly reduced. 45, 46 In contrast, other in vivo studies have used 5-aza-2-deoxycytidine to treat animals with MCAO and have shown improved neurological outcomes with a reduction in the extent of ischemic injury, which suggests that epigenetic reprogramming of endogenous cells is a more effective treatment strategy than transplantation of exogenous cells. 9 Zebularine has not been studied directly in stroke, but indirect evidence suggests that it can also play a role in CNS functions. 47 These firstgeneration DNMT inhibitors are nonspecific and are associated with significant toxicity; therefore, more selective second-generation agents that affect DNA methylation are being developed. 48 For example, MG98 is an antisense oligonucleotide designed to specifically target DNMT1 messenger RNA and inhibit its translation. 48 Moreover, a number of commonly used drugs also have the ability to alter DNA methylation profiles. Agents such as hydralazine, procainamide, and valproic acid are associated with effects on DNA methylation that may be important for their clinical efficacy and toxicity. 5 For example, the use of these epigenetic drugs can cause DNA hypomethylation and can also provoke adverse consequences such as the development of a syndrome similar to systemic lupus erythematosus, which is itself associated with global DNA hypomethylation as well as cerebrovascular complications. 49 In addition to agents that affect DNA methylation, a number of drugs that target histone modification pathways are also available. The majority of these agents are HDAC inhibitors, and preclinical studies in stroke models have used a range of HDAC inhibitors (including trichostatin A, suberoylanilide hydroxamic acid, sodium butyrate, sodium 4-phenylbutyrate, and valproic acid) to demonstrate that these agents can decrease the extent of neuronal injury and improve functional outcomes. 27 Each of these HDAC inhibitors exhibits a varying degree of activity against different classes of HDAC enzymes, and several novel inhibitors are being developed for different classes and isotypes of HDACs. The precise neuroprotective mechanisms induced by HDAC inhibition are complex and include a broad array of factors implicated in mediating critical cellular processes, such as growth and viability (eg, p53) and stress responses (eg, Hsp70, inducible nitric oxide synthase, and tumor necrosis factor ␣). 27 In addition to neuroprotective effects, HDAC inhibition also offers a paradigm for the restoration of impaired neural network connections and the recovery of seemingly lost neurological functions, including learning and memory. 50 Indeed, histone acetylation has been implicated in mediating higherorder cognitive functions, and HDAC2 is specifically responsible for modulating the dendritic spine density, the number of synapses, and synaptic plasticity, all of which underlie learning and memory. Histone deacetylase inhibition and genetic manipulation of HDAC2 promote synaptic and neural network plasticity, which suggests that HDAC2-selective inhibitors may be particularly valuable for treating cognitive impairment. 50 These studies have recently been discussed in an excellent review detailing the emerging role of HDAC inhibitors in the treatment of stroke.
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Future Therapeutic Strategies
Contemporary therapeutic approaches have shown the potential to prevent neural cell death and rescue CNS functions after injury; however, their range of actions are limited, and more sophisticated and combinatorial strategies will likely be necessary to combat complex disorders like stroke using dynamic epigenetic reprogramming. Existing agents exert relatively nonspecific effects directed toward a restricted number of epigenetic processes. In stark contrast, the epigenome is responsible for orchestrating and exquisitely calibrating the cell-and tissue-specific deployment of genes and functional gene networks through a much wider array of interrelated molecular mechanisms. These epigenetic processes may be globally or selectively deregulated in various stroke syndromes, as highlighted throughout this review. We suggest, therefore, that future therapeutic strategies for stroke, including those with the capacity to selectively activate subpopulations of endogenous regional neural stem cells and to promote neural regenerative programs, must encompass a spectrum of technologies with the potential to modulate the entire epigenome with high degrees of specificity, flexibility, efficacy, and tolerability through both systemic delivery and more localized endovascular approaches. These next-generation agents may include novel oligonucleotides and RNA-based therapies engineered in a sequence-specific manner to promote epigenetic reprogramming at precise genomic loci. These innovative strategies will help us to overcome the limitations of current, nonselective approaches for targeting DNA methylation and histone modification pathways. Furthermore, these strategies have the potential to enhance the activation of neuroprotective and neural regenerative genes and suppress genes that promote neural cell death. 
